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I. INTRODUCTION
There is currently much interest in the development of field emission (FE) electron sources for use in new technologies, such as flexible displays 1 or small x-ray sources. 2, 3 The wide bandgap material zinc oxide has received particular attention for this application, due to its ease of nanostructure growth in a variety of possible morphologies, and favorable electronic properties such as ease of n-type doping. These properties are directly related to the key factors controlling the field-emitted current, the applied surface electric field strength F S and the work function /, respectively; as they are the fundamental parameters entering the theory developed by Fowler and Nordheim (FN) to interpret current I versus voltage V data. 4 The field emission behavior of a single, sharp, metallic emitter has been studied and analyzed using FN theory for several decades, e.g., Refs. 5-7, to include a single carbon nanotube in recent work. 8 Microelectronics devices composed of 2D-arrays of molybdenum emitting tips were also successfully developed by Spindt et al. 9 Significantly, these authors showed that the emission takes place in an effective, atomic-sized area of the order of 10 À19 m 2 per tip. The recent developments in nanotechnology fabrication methods have driven an intensive effort in the use of high aspect ratio ZnO nanostructures in field emission research due to advantageous physical and material properties. 10 Recent works typically study disordered assemblies of vertically oriented, parallel nanowires or nanorods with typical occupation density of 10 7 cm
À2
, radii in the range 50-100 nm, heights in the range of 0.5-2 lm and overall sample surface areas of up to several cm 2 . 3 The authors generally report close to linear plots obtained via standard FN analyses, assuming a uniform field in the voltage gap (V=d). They report on the field enhancement factor, the turn-on field, and the threshold field, with typical values of several thousands, 1 V lm
À1
, and 10 V lm À1 , respectively. [11] [12] [13] [14] [15] The apparent reported scatter of field parameters and field enhancement values out of these many studies indicate no clear trends for the understanding of the effects of ZnO nanowire topology and individual morphology on the field parameters. This may be a result in part of the lack of sample uniformity on the substrate, resulting in non-uniform electric field and emission patterns, respectively.
Peculiar emission behavior has also been reported recently by several authors. Xiao et al. 16 have observed an unstable oscillating behavior of the IÀV data from single, cone-shaped ("agavelike") ZnO nanostructures, which they attribute to the combined effect of surface charging and surface atom diffusion on the nanostructure tip. Semet et al. 17 have reported linear FN plots for vertically aligned ZnO nanowire planar cathodes, but showed that the corresponding slopes could only be interpreted if an effective barrier height of about 1 eV was assumed that would result from structural changes at the nanowire tip due to temperature effects. We recall here that most reports on the topic of FE assume the work function value / ¼ 5:3 eV for ZnO, irrespective of its morphology. 18 Al-Tabbakh et al. have recorded IÀV data leading to highly non-linear FN plots for ZnO tetrapod nanostructures, 19 which they interpreted in terms of conduction band electrons or valence band currents at high field values due to the saturation of the conduction band current. It is apparent that the authors invoke differing electronic processes and work function values to explain the different results observed. In this work, we address the aforementioned issues, first, by the study of the field emission behavior of hexagonally patterned arrays of vertically aligned ZnO nanowires. This increased control over emitter topology should allow the determination of more valid field parameters. Secondly, we extend the method of the FN plot by using analytical expressions 20 for some required mathematical functions, together with plausible values of / obtained from physical considerations. This provides for a general treatment of emission data within the physical framework of FN theory. The field enhancement factors computed by this treatment are compared with theoretical or modeling estimates, relating them to relevant geometrical parameters such as aspect ratio and surface density. [21] [22] [23] Effective emission areas and current densities are also calculated from the present treatment and compared with older approaches. 9, 24, 25 General conclusions regarding the interpretation of FE data from random or ordered arrays of ZnO nanostructures are drawn.
II. EXPERIMENTAL DETAILS

A. NSL growth
Ordered, spaced arrays of zinc oxide nanowires were produced according to the following prescription. First, a zinc oxide seed layer was chemically deposited by dropping a 0.005M solution of zinc acetate in ethanol on to a silicon substrate. This was left for 20 s, then rinsed with pure ethanol and repeated five times. The substrate was subsequently annealed at 350 C for 20 min. The ZnO seed layer was then grown by chemical bath deposition (CBD) at 90 C for 1 h, in a solution of 0.025M zinc nitrate dissolved in hexamine. This growth was repeated with fresh solution, giving a total growth time of 2 h. This ZnO layer was then coated with a self-assembled monolayer of 1 lm diameter polystyrene nanospheres, using the water transfer method, and allowed to dry. 26 The resulting sample was annealed at 110 C for 40 s. An acid catalyzed silica sol, of 0.5 ml tetraethyl orthosilicate and 0.5 ml hydrochloric acid in 20 ml of ethanol, was deposited into the interstitial spaces left exposed by the closepacked nanosphere pattern. The latter was then removed by ultra-sonication in toluene first, followed by acetone. The remaining hexagonal silica surface lattice was densified by annealing at 400 C with a 10 C min À1 ramp rate. This was finally used as the substrate to deposit the ZnO nanowire arrays by vapor phase transport (VPT), with carbothermal reduction of ZnO powders and graphite as the Zn vapor source, at 900 C for 60 min, yielding the final sample to be used in the FE measurements. Full details of the growth methods may be found in Refs. 27 and 28.
B. FE apparatus and measurements
Field emission properties (I-V) were obtained in a system with a parallel-plate electrode configuration, in a vacuum chamber with a base pressure of $10 À8 mbar. The sample was positioned at a fixed distance of d ¼ 250 6 10 lm from the flat circular face (8 mm diameter) of a stainless steel anode. This electrode assembly was mounted in series with a current-limiting resistance of $231 kX. The anode dc voltage was swept between 50 V and 2500 V in steps of 1 V at a rate of 1 V s À1 using a programmable high voltage source (Stanford PS350). The resulting current was measured at each step through a Keithley 6485 picoammeter connected to ground.
We found in all cases these I-V measurements to exhibit hysteresis; the values of the current differ markedly when measured in increasing or decreasing voltage steps. This effect has been reported in several previous reports of FE from ZnO and in some cases leads to nonlinear FN plots, [29] [30] [31] the interpretation of which is quite uncertain as a result. This hysteresis effect is generally attributed to the effect of adsorbates, and disappears following adequate conditioning of the samples. In our case, conditioning was carried out by repeating I-V measurements in a cyclical manner until hysteresis effects could not be discerned (i.e., the difference in current on the upward and downward sweeps was less than the data scatter during a single sweep). Typically, conditioning is achieved after 150 cycles.
C. Characterization
Sample morphology was characterized by scanning electron microscopy (SEM; Karl-Zeiss EVO series) and field emission SEM (FE-SEM; Hitachi 5500). to the surface, with scale bars representing 2 lm, 1 lm, and 1 lm, respectively. electrode assembly covers an area of 5 Â 10 À5 m 2 , a total of $4.5 Â 10 7 nodes (nanowires) is sampled in a FE measurement.
From Figs. 1(b) and 1(c), we observe that the typical morphology of a single nanowire is the familiar hexagonal prism oriented along the h002i direction; of average height around 2 lm, with a standard deviation of $0.29 lm; and average largest width/diameter of 0.2 lm, with a standard deviation of $58 nm (aspect ratio of $20). The ratio of inter-nanowire distance to nanowire length is therefore equal to 0.5. The nanowire dimensions imply a cross-sectional area of 2.6 Â 10 À2 lm 2 (or 3.1 Â 10 À2 lm 2 if a circular crosssection is assumed). This is close to the values of this ratio suggested in the literature as suitable for optimized FE. 32 The tip shape of the majority of the nanowires is curved outward rather than sharply pointed, and rarely seen to be flat-ended. We note from Figs. 1(b) and 1(c) that the processes of conditioning and field emission do not appear to have a pronounced effect on the observable nanowire morphology. In particular, the change to a bulbous morphology at the tip, driven by temperature-dependent surface migration as featured in the Ref. 17 , is virtually absent from the present data. X-ray diffraction data (not shown) have confirmed these observations, showing very intense (002) diffraction peaks at 34.3 . However, we are unable to determine from experiment whether the nanowires are either positively (0001) zinc-or negatively (000-1) oxygen-terminated or if a mixture of the two possible terminations prevails. Many other authors have reported, however, that the (0001) zincterminated face tends to appear more tapered and this is consistent with the morphology we observe.
B. I-V graphs
The final reproducible I-V data (total of 4900 data points) obtained after the many conditioning cycles is displayed in the main part of Fig. 2 . In the inset, we show an extended FN plot of log 10 I/V 2 vs 1/V for all the points, showing the turn-on voltage of $1000 V which we define as the voltage above which the FN plot shows good linear behavior. We measure typical currents of the order of $2.0 lA to $90 lA between 1500 V and 2500 V. Above the latter voltage, frequent arcing prevents continuous measurements, which may indicate the limit of field emission (see discussion in Sec. IV). Therefore, the range of voltages usable for FE measurements appears quite narrow, as mentioned previously. As a result of the large number of data points, we have run a numerical 5-point average to smooth the curve and, thus, make deviations from linear behavior more apparent. As a result, we clearly distinguish two linear domains in the graph, corresponding to regions of low and high voltages, below and above 2000 V, respectively. The curve is linear in these two domains, as shown in Fig. 3 , with a significant change in the observed slope (the apparent small deviations from linearity observed in the very low voltage region are not considered to be physically significant, and are mostly like noise due to stray fields and/or leakage currents). The observed behavior is typical of electron field emission with the distinct change in slope in the high voltage region generally attributed to the buildup of a significant amount of space-charge. 14, 33 In the present paper, we shall use the equations describing cold FN emission expressed in their basic forms under the physical assumptions of their applicability. 6 The slope values of the two linear regimes observed in the log 10 I/V 2 vs 1/V graph are measured at À5745 V and À2702 V, respectively. 
B. Work function
It is established that the slope of a FN plot is mainly determined by the value of the work function /. 34 In order to interpret our data with the minimum number of a priori assumptions, we have surveyed the literature to find what possible values of / should be used in the case of ZnO. The data are summarized in Table I . Jacobi et al. have carried out detailed angle-resolved ultraviolet photoelectron spectroscopy (UPS) measurements on clean, annealed ZnO polar (0001) and (000-1) faces 30 and measured the corresponding values of the work function, electron affinity, and band bending. These were found to rapidly change as a function of time due to surface reconstruction, defect creation, and gas adsorption effects and reach asymptotic values of 3.3 eV and 4.3 eV, respectively. We believe that these asymptotic values should be used for the ZnO material in the present work, which has been exposed to ambient conditions for extended periods. Marien 31 has measured the work function of the polar faces of ZnO needles using a combination of FN characteristics and low-field ionization characteristics, independently of any possible field enhancement factors. The Fermi level is placed 0.2 eV below the conduction band minimum in the bulk in these works. A value of 4.1 eV is quoted in Ref. 35 for the electron affinity of the (0001) face, based on Schottky contact barrier measurements. Semet et al. 17 accounted satisfactorily for their experimental observations on h002i vertically aligned ZnO nanowires if they assume an actual work function of the order of 1 eV due to severe modification of the electronic and structural properties of the emitting surface after prolonged field emission. Finally, we note that a value of 5.3 eV is very commonly used by authors working in the ZnO nanowire FE field and obtained by Minami et al. for magnetron-sputtered ZnO thin films. 36 On the basis of the above review, we believe that the work function value of 5.3 eV is possibly more appropriate for ZnO polycrystalline material or disordered nanowire assemblies.
C. Slopes and enhancement factors
All the formulae presented here are expressed in SI units. The slope of the FN log 10 ðI/V 2 Þ vs 1/V plot can be written as m ¼ À2:97 Â 10 9 / 3=2 sðyÞ 2:3b , where b is a geometrical factor in m À1 determined by the local and large-scale geometries of the electrode assembly and such that F S ¼ bV, where F S is the field strength at the surface. This means that the b value obtained for an array of emitters represents the single tip current weighted average taken over the tip surface and the entire array. 22 sðyÞ is a tabulated function of the variable
1=2
/ , which represents the Schottky lowering of the work function barrier. Forbes has shown that sðyÞ can be accurately evaluated using the following analytical expression sðyÞ ¼ 1 À 1 6 y 2 . 20 At very low applied field, the image force correction is negligible, and sðyÞ % 1. 3 If one fixes the value for the work function, then b can be evaluated using successive approximations based on the above equations. The measured slope is used to calculate a value for b assuming sðyÞ % 1. This allows the calculation of a value for y, which in turns allows the calculation of the value of sðyÞ. This procedure is repeated until convergence, which typically takes no more than five iterations. We have carried out such calculations for the various values of / as discussed in Sec. IV B at the moderate voltage value of 1500 V. The results are presented in Table II . The Nordheim functions vðyÞ and tðyÞ are also evaluated using the analytical expressions given in Ref. 20 . We also provide the value of the field enhancement factor c defined by c ¼ F S =F m ¼ bd. The current density can thus be calculated using the FN equation 
À17
From Table II , we observe typical surface field and current density values of $10 9 Vm À1 and $10 11 Am À2 , respectively. These are compatible with the results of similar types of FN analyses of sharp emitters. 9 We note that the use of a work function of 1.0 eV corresponds to a case of almost complete lowering of the barrier (y % 1) and, thus,would appear unsuitable for further interpretation of our data. For 3:3 / 4:5 eV, corresponding to conduction band electrons in the flatband diagram, the lowering of the barrier is moderate (y % 0:7) and does not exceed the physical limit y ¼ 1 at V ¼ 2500 V, suggesting that the emission process is compatible with FN field emission. In this work function range, the field enhancement values (700-1100) are markedly lower than those reported in Refs. 11, 14, 15, and 33 based on the 5.3 eV value. The choice of a work function of / ¼ 7:9 eV corresponding to electrons emitted from the top of the ZnO valence band 19 leads to even larger values of the enhancement factor and the surface field strength.
The field strength at the surface is related to the voltage difference between the electrodes via a factor that depends both on the geometry of an individual nanowire emitter and the nanowire spatial distribution on the cathode surface. We now compare our experimental values with calculated values obtained from various theoretical models expressing the enhancement at the apex of the nanostructure c a . Forbes et al. 23 have summarized a number of models and approximations for c a in terms of the ratio of the total protrusion length to the base radius of a single emitter, which we approximate to the aspect ratio of height to half-width in our case ($20) . From Table I of Ref. 23 , we obtain c a values ranging from 15 to 450 for hemisphere-on-post to hemi-ellipsoid (with an apex radius of curvature r a $5 nm) models, respectively. The hemi-ellipsoid model of Kirkpatrick et al. 21 gives a similar value of $145. Read and Bowring 22 and references therein, do take account of the influence of electrostatic shielding explicitly on c a for a specific type of array of emitters specified by its surface density in a square array topology. This depends on the individual nanowire aspect ratio ($20) and the ratio of the inter-rod spacing to rod height (0.5) and is written in the form of a correction factor to the individual enhancement factor. This correction factor as calculated from the Read and Bowring formula 22 is 0.43, thereby reducing all previous individual c a by roughly 50%, which now range between 7 and 195 for hemisphere-on-post to hemiellipsoid models, respectively. When comparing these values with those of Table II , we observe a generally poor agreement, with discrepancies by factors of between 5 and 8. Similar disagreement levels between measurements and calculations are also common in the current literature on the topic of ZnO nanowire FE. 15, 17, 33 We observe that the hemi-ellipsoid model provides the nearest agreement here, although the resolution of the microscopy used did not allow us to make a quantitative comparison. We note, however, that the HRTEM images of the extreme tip of ZnO nanowires shown in Ref. 14 appear to support this shape. We note that nanowire parameter values of r a $ 2:5 nm requiring a base radius of 70 nm for the same 2 lm length would yield a value of $840 for c a . Notwithstanding the effects of the array screening, these values, which are feasible for this type of structure, would bring the calculated and measured enhancement factors into good agreement. We recall that this value of c a is obtained for a work function / ¼ 3:7 eV and note that using the common value of / ¼ 5:3 eV has the effect of increasing this disagreement. We suggest that more work is required to justify more strongly the use of the numerical value of / ¼ 5:3 eV for the work function of ZnO nanowires within the framework of FN theory.
We also note that the field enhancement factors reported here, and commonly by other authors, are based on the use of the b-modified FN theory, which would not generally apply to nanometric-sized emitters. 37, 38 The importance of these small size-effects can be estimated by comparing the ratio of the width of the barrier at the Fermi level to a characteristic curvature of the nano-emitter. We calculate this ratio for V ¼ 1500 V and / ¼ 3:7 eV to be 6 or 120 for an emitter characteristic curvature of 100 nm or 5 nm, respectively. As these are significantly greater than 1, we conclude that the use of a modified FN theory is probably required in the present case to interpret the experimental data correctly, and more generally, this could also be said about any FE experiment on ZnO nanowires of similar sizes to the ones used here.
We have pointed out the two linear regimes observed in the FN plot of Fig. 3 . The slope value in the high-field regime is measured at À2702 V and is significantly reduced compared with its value in the low field regime. We observe that the transition between these regimes occurs gradually around a voltage of 2 kV over a range of about 150 V. We note that these two distinct regimes are also observed by Jeong et al.
14 in the case of ZnO nanowires and Al-Tabbakh et al. 19 in the ZnO tetrapods. Such high-field deviations from the FN straight-line have been commonly observed in FE experiments and typically interpreted in terms of the occurrence of space-charge effects at higher currents. 4, 36, 37 A basic numerical criterion for neglecting space-charge effects, according to which the parameter T ( 1, is presented in Refs. 4 and 39. We calculate T to be equal to $0.06 and $0.4 at 1500 V and 2000 V, respectively, showing that space-charge effects are probably contributing to the observed current behavior in our high-field region.
Besides space-charge effects, the lower slope of the FN plots at high field, within the framework of cold emission FN theory, can be due to two effects: changes in the work function 40 or the field enhancement factor. 21 As a larger surface area of the emitter will contribute to the emission at higher fields, the assumption of a non-uniform work function over the probe area is reasonable. Also, contributing tips having different crystallographic terminations may have a contribution and we have shown previously in this section that a small change in the value of the work function can significantly alter the outcome of the FN analysis. The work functions of other faces of ZnO have been measured: 5.05 eV for the prismatic faces 30 and 4.05 eV for the (10-1-1) faces, 31 and show sufficient variance to have an effect if engaged in the field emission process. Kirkpatrick et al. 21 have shown that for an emitter with nanometric-sized tips of hemiellipsoidal shape the field enhancement factor c decreases and the effective emission area a increases with increasing applied field, while a standard FN analysis would lead to the opposite conclusion (see also Ref. 37) . This is supported by our high-field data that an increased c value of 1540 would be obtained at 2000 V if a constant work function of 3.7 eV were assumed. Furthermore, this analysis would yield a y > 1, indicating an inconsistency in the FN plot analysis. We have shown that the departure from FN linearity at high field can be satisfactorily accounted for by the field dependence of the work function and the enhancement factor. Alternative explanations, based on the semiconductor electronic structure of ZnO, have been put forward by other authors. Jeong et al.
14 suggested that the emission proceeds from deep-level defect states in the low field regime whereas the high field regime consists of electrons emitted from near the Fermi level. Al-Tabbakh et al. 19 suggested that low-field emission in the conduction band ultimately saturates as the field is increased and leads to predominant emission from the valence band in the high field regime with a related increase in the work function value. More detailed investigations are needed to understand the importance of semiconductor effects in the FE of ZnO nanowires. For example, the emission current behavior as a function of n-type dopant concentration would be interesting in this regard.
D. Effective emission areas and current densities
From an IÀV measurement, one can estimate a value for the emission area A when the current density J is obtained, via A ¼ I=J. In the case of a large-area electron source composed of many identical sharp emitters, this area is an average over the tip surface weighted by the local value of the current density and extended to the macroscopic area of the sample. 4, 14, 41 We now extract values for this emission area, denoted here as A FN , from our measured data using various approaches.
First, we compute values of A FN from the data of Table II and these values are listed in the far right-hand column of Table II . The values were obtained for I ¼ 2:45 lA and V ¼ 1500 V. We observe, as expected, that the values of A FN are small compared to the surface area of the tip of one nanowire that would be obtained from its estimated dimensions (see Sec. II) and weakly dependent on the value of the work function in the 3.0-8.0 eV range. Secondly, we compute values for A FN based on the approaches described in detail in Refs. 9 and 24 and described as the "effective emitting area" therein and as the "notional emission area A n " in Ref. 41 . These authors have found equations relating the FN current density to the slope m of the FN plot, 24 or of the I-V plot, 9 which depend very weakly on the value of the work function if it is in the range 3:5 eV / 11:5 eV and based on the use of a quadratic approximation for the vðyÞ function and constant values for the sðyÞ and tðyÞ functions. These equations are written in terms of the variable K ¼ 
Â 10
À17 m 2 at 1500 V with agreement within a factor of two between the three methods. From these observations, we can make the following conclusions. In view of the number of nodes ($4.5 Â 10 7 ) probed by the anode in the present conditions, the effective emitting area per nanowire can only be of dimensions of the order of a few atomic sites, even if only 1% of the nanowires are actual emitters. Spindt et al. 9 conclude identically although we should emphasize the significant difference in the morphology, nature (metallic), and surface density of the molydnemum emitter cones used.
Finally, from the viewpoint of electronic display devices, we can compute the following figures of merit for our ZnO nanowire array cathode. The onset voltage of field emission was around 1000 V at which the device emitted a current of 14 nA, corresponding to a macroscopic current density of 2.7 Â 10 À3 Am À2 and an applied field of 4 Â 10 6 Vm
À1
. To obtain a threshold current of 10 mA cm 
V. CONCLUSIONS
We have investigated field emission in ordered arrays of ZnO nanowires by measuring the total current emitted by this assembly as a function of applied voltage between 50 V and 2500 V. No stable emission could be obtained above 2500 V. The current-voltage data was analyzed by constructing Fowler-Nordheim plots which clearly showed two distinct linear regimes at low and high (above 2000 V) applied voltage, respectively. In the low-voltage region, field enhancement factors were obtained from the slope of the FN plot using a new iterative method in which the slope corrective factor due to image force is computed accurately through the use of an exact analytical function. Because the value of the work function has a strong effect on the final result, a critical review of the work function suitable for c-axis oriented ZnO nanowire field emitters was also carried out. The calculation of the field enhancement factor was repeated for a number of possible work functions, and its value assessed on the basis of the corresponding value of the Schottky lowering parameter y. According to these analyses, the best values for the field enhancement factor (with an estimated relative uncertainty of 15%) were found to be between $700 and $1100 for values of the work function between 3.3 eV and 4.5 eV. The enhancement factors were compared with a range of calculated values predicted by a variety of models based on the emitter shape. The agreement is found to be generally poor, except for the model in which the shape of the nanowire is assumed to be a prolate ellipsoid of revolution for which an enhancement factor of $450 was calculated. The effect of nanowire screening was also investigated and found to reduce the enhancement factors by a factor of $0.5 in our case. On the basis of such a shape, it was found that reducing the nanowire diameter to a value of $50 nm would give reasonable agreement between the measured and calculated enhancement factor. When applying similar analyses in the high-voltage region of much reduced slope, unrealistic values were obtained for the values of y and the field enhancement factor. A number of plausible physical mechanisms were discussed to account for the observed change of slope.
The Fowler-Nordheim current densities and effective emission areas were calculated using various methods and shown to be in good agreement. These were typically of the order of 10 11 Am À2 and 10 À17 m 2 , respectively. The physical model according to which field emission takes place from an area of atomic dimensions at the tip of the emitter was supported in the case of ZnO nanowires based on the data and analysis above.
Figures of merit for device application of our nanowire arrays were presented.
On the basis of the above findings, we suggest that further work should be carried out to clarify the following points. (1) The physical reasons for the observed departure from Fowler-Nordheim law at high voltages needs to be investigated with specific attention to the clarification of the energy states of the emitted electrons and also the influence of high-density surface states. 42 (2) A better understanding of the exact effect of the emitter morphology on the efficiency of field emission. This requires the availability of well-controlled and well-defined sample geometries. (3) A detailed investigation of the work function for ZnO nanowires. (4) The understanding of the difference and the relationship between the notional and effective emission areas, which could be achieved by the use of a phosphor coated, transparent anode coupled with an imaging system. Work is currently in progress in our laboratory along these lines.
